INTRODUCTION
Thyroid epithelial cells are organized into follicles in vivo. They synthesize and secrete thyroglobulin into the follicular lumen (Björkman, Ekholm, Elmquist et al. 1974 ). Incorporation of circulating iodide into thyroglobulin and subsequent thyroid hormone syn¬ thesis takes place within the lumen under the control of the thyroid peroxidase. Two sites of iodination have been proposed: the apical surface of cells (Ekholm, 1981; Ekholm & Björkman, 1984) and the intraluminal space (Ofverholm & Ericson, 1984) . Thyroglobulin molecules are probably iodinated several times, resulting in a heterogeneous population of molecules, with different quantities of iodine, all existing within the same follicle. There appears to be a direct correlation between the iodine and hormone contents of thyroglobulin. The segregation of thyroglobulin in the follicular lumen therefore appears necessary for iodination and hormone synthesis.
Moreover, bound iodine has a slow turnover rate under normal conditions in vivo; 50 days were required to reach isotopie equilibrium in the rat injected with labelled iodide (Bastiani & Simon, 1977; Penel, Rognoni & Bastiani, 1987) . Follicular organ¬ ization and time are therefore two important parameters involved in thyroid hormone formation.
Several studies on thyroglobulin iodination have been performed in vivo, in culture (for review see Ekholm, 1981) and in acellular systems (Nunez & Pommier, 1982) . However, the mechanisms involved in iodide incorporation into thyroglobulin and its regulation by thyrotrophin (TSH) are not fully under¬ stood. Moreover it is known that TSH stimulates thyroglobulin synthesis and secretion (Van Herle, Vassart & Dumont, 1979) and regulates both iodide uptake and its transport to the follicular lumen , which, in turn, increases thyroglobulin iodination (Ofverholm, Björkman & Ericson, 1985) .
We have studied the role of TSH in regulating longterm thyroglobulin iodination and have determined the conditions in order to maximize iodide uptake and its incorporation into thyroglobulin leading to thyroid hormone formation. Taking into account the two par¬ ameters mentioned above, i.e. cell organization and long-term iodination, we have used the culture chamber system described by and Chambard, Mauchamp & Chabaud ( 1987) . In this system thyroid cells form a tight monolayer which separates the apical from the basal compartment yet allows direct access to both apical and basal media. The cells maintained their original polarity and expressed specific thyroid functions such as iodide uptake, sensitivity to TSH ), thyroglobulin synthesis (Chabaud, Chambard, Gaudry & Mauchamp, 1988) and polarized secretion (Chambard et al. 1987; Chambard, Depetris, Gruffat et al. 1990) .
In this paper we have described the experimental conditions required for optimal thyroglobulin iodin¬ ation and have clearly shown that thyroglobulin iodination is polarized and dependent upon TSH.
MATERIALS AND METHODS
Cell seeding in culture chambers Isolation of epithelial thyroid cells and preparation of culture chambers were performed as described pre¬ viously (Chambard et al. 1987 (Chambard, Gabrion & Mauchamp, 1981) were suspended in Dulbecco's modified Eagle's medium (DMEM; con¬ taining 1 g glucose/1; Gibco BRL, Cergy-Pontoise, France) and seeded into culture chambers (IT ml; 2-2 106 cells). The same medium (2-4 ml) was placed outside the ring in the basal compartment. The apical medium was changed on day 1. After 4 days, when the monolayer was confluent, apical and basal media were changed; 1 ml DMEM was introduced into the apical compartment and 2-4 ml DMEM, enriched with 10% (v/v) (2, 4, 6, 24, 48, 72, 96 h) for use in kinetic studies.
Long-term organification Two types of experiments involving long-term iodin¬ ation were performed. In the first experiment, Na'25I (0-5 pCi/ml, 0-5 pmol/1) was added to the basal medium on day 11 and every 3 or 4 days thereafter when the basal medium was changed. An aliquot was withdrawn from the apical medium for analysis at each change. The volume of apical medium was main¬ tained at 500 pi by adding B-DMEM to replace the withdrawals and to take into account the apical to basal waterflux which induced a decrease in the apical volume (Chambard et al. 1987 ). In the second exper¬ iment, Na125I (0-5 pCi/ml, 0-5 pmol/1) was added on day 11, and every day the basal medium was supple¬ mented with 1-2 nmol Na125I with the same specific activity in a 12 pi volume. Every 3 or 4 days the radio¬ activity present in the basal medium was measured and this medium was changed, taking care to main¬ tain the same labelled iodide concentration as before the medium change. It was then supplemented by the daily dose of labelled iodide. An aliquot of the apical medium was removed each day for analysis and the apical volume maintained at 500 pi as above.
Quantification of secreted thyroglobulin Fractions of different apical media were analysed by one-dimensional electrophoresis on a slab-gel system (Laemmli, 1970 
RESULTS

Polarized thyroglobulin secretion and iodination
Six-day-old cell monolayers were cultured for a further 9 days with or without TSH. On day 11 Nal25I (0-5 pCi/ ml, 0-5 pmol/1) was added to the basal compartment, and the proteins ofboth apical and basal compartments were analysed 4 days later by SDS-polyacrylamide gel electrophoresis and autoradiography.
Coomassie blue staining of apical proteins showed essentially a 330 kDa band corresponding to the thyroglobulin subunit (Fig. la) . In contrast, in the basal compartment, the intensity of the thyroglobulin band was weak. The amount of thyroglobulin was determined by densitometric analysis of dried acrylamide gels. As previously shown, using cells cultured in iodide-free medium (Chambard et al. 1987 ), 90% of secreted thyroglobulin was found in the apical com¬ partment, and after TSH treatment the amount of thyroglobulin secreted into the apical compartment was five-to sixfold higher than that in the absence of TSH, whereas TSH treatment did not modify the figure 1. Polarized thyroglobulin (Tg) secretion and iodina¬ tion by porcine thyroid cells cultured in porous-bottomed chambers. After 4 days of culture in the presence of Na125I (0-5 pCi/ml, 0-5 pmol/l) with or without TSH (TSH-cells or T-cells respectively) in the basal medium, apical media (AM) and basal media (BM) were withdrawn, (a) Proteins in the AM ofT-cells (30 µ ) or TSH-cells (15 ul) shown), Na'25I (0-5 pCi/ml, 0-5 pmol/1) was added to the basal compartment, and samples were removed from the apical media 4 days later and analysed.
The amount of thyroglobulin secreted into the apical compartment increased with increasing TSH concentrations from 0 to 100pU/ml, reaching a plateau at the latter TSH concentration (Fig. 2a) . In the (Fig. 2b) . The iodine content of thyroglobulin was maximum (1-25 atoms/mol) at TSH concentrations above 25 pU/ml (Fig. 2c) . Concentrations offree iodide were calculated for the apical and basal media (Fig.  2d) . Apical/basal concentration ratios were 1-44 + 0-24 (s.d., Increasing concentrations of Na125I (0-5 pCi/ml, 0-50 pmol/1) were added to this medium from day 11, and the apical media were analysed 4 days later. (Fig. 3a) . In contrast, in the presence of TSH, concentrations of iodide higher than 0-5 pmol/1 decreased the amount of secreted thyroglobulin (Fig. 3a) ; a 50% reduction of its maximal value was obtained with 50 pmol iodide/1.
When the iodide concentration was increased, the amount of protein-bound iodine found in the apical compartment reached a plateau at iodide concen¬ trations higher than 0-5 pmol/1 in the basal medium (Fig. 3b) . Thyroglobulin accumulated by T-cells was not iodinated whereas in the presence ofTSH the level of thyroglobulin iodination increased with an increase in basal iodide concentrations, reaching a plateau (2 atoms/mol) at 5 pmol iodide/1 or more (Fig. 3c) . The free iodide concentration in the apical medium increased in proportion to the concentration of iodide added to the basal medium (Fig. 3d) , resulting in a constant apical/ basal concentration ratio of 5-2 ± 1 -2 (s.d., These results showed that after 4 days of incubation with labelled iodide the optimal conditions for thyro¬ globulin secretion and iodination were obtained when the basal medium contained 0-1 mU TSH/ml and 0-5 pmol iodide/1.
Time (day)
Time (day) figure 5. Long-term kinetics of thyroglobulin secretion. Nal uptake and concentration and thyroglobulin iodination in porcine thyroid cells cultured in porous-bottomed chambers. Cells were cultured in the presence (TSH-cells) or not of TSH (0-1 mU/ml) (T-cells) from day 6. After 15 days of culture Na125I (0-5 pCi/ml, 0-5 pmol/1) was added and every 3 or 4 days the basal medium was changed as on day 15 with a medium containing the same supplement of Na125I. When basal medium was changed an aliquot was removed from the apical medium and analysed. Values are means of closely agreeing triplicate determinations, (a) An aliquot of each apical medium was analysed by SDS-PÀGE. Each band of thyroglobulin was scanned and the quantity of thyroglobulin present in the apical media of T-cells (D) and TSH-cells ( ) was calculated using increasing amounts of purified apical thyroglobulin as reference, (b) Total and bound radioactivities present in the apical medium of TSH-cells were determined before and after 10% (w/v) trichloroacetic acid (TCA) treatment. Amounts of total (·), free ( ) and incorporated (A) iodine were calculated from these values using the specific radioactivity Four-day kinetics of thyroglobulin secretion and iodination Cells were cultured from day 6 in the presence or absence of TSH (OlmU/ml). On day 11 Nal25I (0-5 pCi/ml, 0-5 pmol/1) was added to the basal medium. After increasing incubation times (0-96 h), samples were removed from the apical media for analysis.
The amount of thyroglobulin secreted into the apical medium increased linearly with time. In the presence ofTSH this amount was five-to sixfold higher than that observed with T-cells (Fig. 4a) . No proteinbound iodine was detected in the apical medium of Tcells over a 96-h period (not shown). In contrast, when cells were stimulated by the addition of TSH, thyroglobulin-bound iodine accumulated linearly over 96 h (Fig. 4b) . The iodine content of thyroglobulin reached a maximum of 1 ± 0-3 atoms/mol (s.d., = 6), after 24 h (Fig. 4c) . In the case of T-cells, iodide crossed the cell layer slowly, reflected by the gradual increase in the concentration offree iodide found in the apical medium, Time (day) figure 6 . Long-term kinetics of thyroglobulin secretion. Nal uptake and concentration and thyroglobulin iodination with daily Nal addition in porcine thyroid cells cultured in porousbottomed chambers. On day 11 Na125I (0-5 pCi/ml, 0-5 pmol/l) was added and each day the basal medium was supplemented with Na125I (1-2 nmol) having the same specific activity. Fig. 4d ). In contrast, iodide was rapidly transported across the TSH-cell layers as the free iodide content in the apical compartment reached a maximum after 4-6 h. This was followed by a steady decrease from 24 to 96 h corresponding to an increase in thyroglobulin iodination (Fig. 4b) . The free iodide con¬ centration decreased in the basal medium and increased in the apical medium, reaching a maximum at 24 h (Fig. 4d) (Fig.  5b) . Under these conditions the iodine content of thyroglobulin also increased until day 32 (Fig. 5c ) reaching 3 atoms/mol for TSH-cells. Without stimu¬ lation the iodine content of thyroglobulin remained below 0· 1 atoms/mol (not shown). Apical free iodide remained constant from day 18 (Fig. 5b) . Basal free iodide concentrations, measured before each medium change, remained stable around 0-2 pmol/1 (Fig. 5d) , whereas in the apical compartment, due to a decrease in volume, the free iodide concentration increased to 2 pmol (Fig. 5d) . The apical/basal concentration ratio reached 10 + 2-2 (s.d., = 3) after 25 days.
Long-term kinetics of thyroglobulin secretion and iodination with daily addition of iodide Cells were cultured as above. On day 11, Na125I (0-5 pCi/ml, 0-5 pmol/1) was added to the basal medium which was supplemented on a daily basis thereafter with 1-2 nmol iodide with the same specific activity. The basal medium was changed every 3-4 days, ensuring that the same iodide concentration was maintained as before the medium change. An aliquot of the apical medium was analysed every day.
The quantity of thyroglobulin secreted into the apical medium of TSH-cells increased up to day 22 as above, reaching a plateau around 400 pg thyroglobulin/ chamber (Fig. 6a) . Protein-bound iodine increased linearly up to day 27 (Fig. 6b) . Under these conditions, the iodine content of thyroglobulin also increased up to day 25 reaching 3-5 atoms/mol for TSH-cells and 0-3 atoms/mol for T-cells (Fig. 6c) . In TSH-cells apical free iodide increased with time up to day 27 (Fig. 6b) . Its concentration increased rapidly up to day 18 and then more slowly to reach a value of 15 pmol/1 (Fig. 6d) . Basal iodide concentrations measured before the daily addition ofiodide increased progressively (Fig. 6d) . The apical/basal concentration ratio was constant up to day 20 (6-3 + 0-8, s.d., = 3) after which it started to decrease (3-7 for 27 days).
DISCUSSION
Culturing thyroid cells as a monolayer on the porous bottom of culture chambers allowed the long-term expression of some specific functions of thyroid follicles. This cellular system could be considered as an open follicle . Polarized organization and expression of basal levels of specific functions were obtained in the absence of TSH and could be stimulated by the addition of TSH from day 6. This culture system has proven to be suitable for the long-term study of pro¬ cesses involved in thyroid cell metabolism, as cells were cultured for at least 1 month and maintained both their polarity and integrity. In contrast, thyroid cells reorganized into follicles in the presence of TSH ) cannot be maintained for more than 10 to 15 days.
Short-term iodide uptake and thyroglobulin iodin¬ ation have been performed using different culture systems (Mauchamp, Charrier, Takasu et al. 1979; Fayet, Hovsepian, Dickson & Lissitzky, 1982; Chambard et al. 1983) where cells cultured for less than 15 days were used. However, in neither system was the iodine content of thyroglobulin reported.
In this work, three processes were followed simul¬ taneously: apical thyroglobulin accumulation, apical iodide concentration and iodine incorporation into thyroglobulin. We have reproduced in vitro several characteristics of thyroid cells using a culture system which was maintained for 1 month, i.e. tightness of monolayer, stability of cell polarity, iodide uptake and apical concentration, apical thyroglobulin iodination and continuous stimulation by TSH. In this culture system, using SDS-polyacrylamide gel electrophoresis and autoradiography of apical and basal media we observed that iodination occurred exclusively in the apical compartment, although 10% of total thyroglobulin was secreted in the basal medium ( Fig. 1) , as previously reported (Chambard et al. 1987 ). This result further supports the idea that basal thyroglobulin was directly secreted through the basolateral membrane and did not originate from the apical compartment by transcytosis (Herzog, 1983) or leakage. This strongly suggests that circulating thyroglobulin present in human or rat serum which is nearly or completely devoid of iodine (Ikekubo, Kishihara, Sanders et al. 1981; Schneider, Ikekubo & Kuma, 1983) was directly secreted through the basal membrane of thyroid cells.
The apical localization of thyroglobulin iodination has been previously demonstrated from microscopic autoradiography of glands of rats intravenously injected with labelled iodide (Ekholm & Wollman, 1975; Ofverholm et al. 1985) or of freshly isolated follicles after iodide labelling (Ekholm & Björkman, 1984;  Björkman & Ekholm, 1988) . In the later reports the authors showed that iodination took place on the apical membrane of follicles maintained in vitro which had preserved their original polarity. In the culture
